We consider a simple class of models in which the dark matter, X, is coupled to a new gauge boson, φ, with a relatively low mass (m φ ∼ 100 MeV − 3 GeV). Neither the dark matter nor the new gauge boson have tree-level couplings to the Standard Model. The dark matter in this model annihilates to φ pairs, and for a coupling of gX ≈ 0.06 × (mX /10 GeV) 1/2 yields a thermal relic abundance consistent with the cosmological density of dark matter. The φ's produced in such annihilations decay through a small degree of kinetic mixing with the photon to combinations of Standard Model leptons and mesons. For dark matter with a mass of ∼10 GeV, the shape of the resulting gamma-ray spectrum provides a good fit to that observed from the Galactic Center, and can also provide the very hard electron spectrum required to account for the observed synchrotron emission from the Milky Way's radio filaments. For kinetic mixing near the level naively expected from loop-suppressed operators ( ∼ 10 −4 ), the dark matter is predicted to scatter elastically with protons with a cross section consistent with that required to accommodate the signals reported by DAMA/LIBRA, CoGeNT and CRESST-II.
I. INTRODUCTION
Recent years have seen a surge of interest in light dark matter candidates. While such particles are not conventionally found in many of the most popular models (such as the Minimal Supersymmetric Standard Model, for example), a number of reported observations have been interpreted as possible indirect and direct signals of dark matter particles with a mass of approximately 10 GeV [1] . These signals include the spectrum and angular distribution of gamma-rays from the Galactic Center as observed by the Fermi Gamma-Ray Space Telescope [2] , 1 the synchrotron emission from the Milky Way's radio filaments [8] , and the diffuse synchrotron emission from the Inner Galaxy [9] (known as the "WMAP Haze" [10] , whose presence has recently been confirmed by the Planck Collaboration [11] ). Observations reported from the direct detection experiments DAMA/LIBRA [12] , CoGeNT [13] , and CRESST-II [14] have also each been shown to possibly originate from the elastic scattering of approximately 10 GeV dark matter particles [15] [16] [17] . And while a number of null results have been presented as a challenge to this direct detection evidence [18] [19] [20] [21] (see also, however, Refs. [22] [23] [24] [25] ), it has 1 Although astrophysical origins for the Galactic Center gammaray emission have also been proposed [3, 4] , the highly concentrated spatial morphology of this observed emission is difficult to accommodate in such scenarios [2, 5] . In contrast, a dark matter distribution of ρ(r) ∝ r −1.3 provides a good fit to the observed gamma-ray signal and is in good agreement with expectations from state-of-the-art hydrodynamical simulations [6] .
become clear that the breadth of possibilities for light WIMPs is much larger than previously appreciated. If dark matter particles are in fact responsible for this collection (or any subset of this collection) of direct and indirect signals, they must possess a number of rather specific properties. In particular, in order to explain all of these observations with a single species of dark matter particles (with a mass of approximately 10 GeV), the following requirements must be satisfied:
• To accommodate the shape of the gamma-ray spectrum observed from the Galactic Center [2] , dark matter annihilations must not proceed primarily to quarks, but to final states such as τ + τ − . The gamma-ray spectrum tentatively reported from the Virgo Cluster also possesses similar features [26] . We will show later in this article that dark matter annihilations to mesons (including neutral pions) or to e + e − γ can also provide a good fit to the measured spectrum.
• To produce the distinctive spectrum of synchrotron emission that is observed from the Milky Way's non-thermal radio filaments [8] , dark matter annihilations must inject an extremely hard spectrum of electrons (sometimes described in the radio literature as "monoenergetic" [27, 28] ). Dark matter which annihilates to e + e − a significant fraction of the time can accommodate both the observed characteristics of the radio filaments, as well as the WMAP/Planck Haze [9] , and could also potentially account for much of the excess isotropic radio background [29] .
• The total cross section required to normalize the arXiv:1206.2929v2 [hep-ph] 9 Jul 2012 annihilation rate to the observed gamma-ray and radio fluxes is approximately ∼10 −26 cm 3 /s, although uncertainties in the dark matter distribution make the extraction of this quantity uncertain at the level of a factor of a few. This value is strikingly similar to that required to thermally produce the measured abundance of dark matter in the early universe (σv 3 × 10 −26 cm 3 /s).
• The spectra and time variation of events reported by the DAMA/LIBRA, CoGeNT and CRESST-II collaborations collectively favor a spin-independent elastic scattering cross section between dark matter and nucleons on the order of σ ∼ 10 −41 cm 2 (assuming equal couplings to protons and neutrons) [15] [16] [17] .
And while some of the features listed above are not found among many of the most popular dark matter candidates (such as neutralinos), various models satisfying these requirements have been proposed [7] . Perhaps the simplest scenario considered thus far is one in which the dark matter annihilates to the desired charged lepton final states through the exchange of a new gauge boson with much larger couplings to leptons than to quarks. Such a leptophilic gauge boson could arise from the addition of a new gauge group, such as the anomaly free U (1) Li−Lj , for example. Any gauge boson that couples to electrons (as required to generate the synchrotron spectrum observed from radio filaments), however, must contend with the rather stringent constraints from LEP II. In particular, in order for the dark matter to annihilate through the exchange of a leptophilic gauge boson at a rate high enough to avoid being overproduced in the early universe while also avoiding the constraints from LEP II requires either that the gauge boson couples much more strongly to the dark matter than to electrons, or that the mass of the gauge boson lies near the resonance m Z ∼ 2m X , where m X denotes the mass of the dark matter candidate [7] . And while either of these possibilities represent viable options from a model building standpoint, neither are what one might have naively expected nature to provide.
In this article, we consider an alternative class of dark matter models capable of explaining the indirect and direct signals described above. Again, we consider a new gauge boson, but with a mass lighter than that of the dark matter itself, m φ < m X . If the gauge group responsible for this new gauge boson is charged only to the dark matter, such as U (1) X , then dark matter annihilations will produce pairs of the new boson, which then decay through kinetic mixing with the photon to Standard Model states. As we will show, for very plausible values of the gauge coupling (g X ≈ 0.06), gauge boson mass (m φ ∼ 100 MeV-3 GeV), and degree of kinetic mixing ( ∼ 10 −3 − 10 −6 ), the dark matter in this model can account for the observed gamma-ray and synchrotron spectra, as well as the anomalous direct direction signals.
II. DARK MATTER ANNIHILATION THROUGH A NEW DARK FORCE
Dark matter interacting through dark forces has been widely discussed in recent years, especially within the context of efforts to provide an explanation for the PAMELA positron excess [30] [31] [32] [33] [34] . The idea that dark matter might be charged under a U (1) that kinetically mixes with the photon was first considered by Holdom nearly three decades ago [35] . Models in which the dark matter could freeze-out by annihilations into a light metastable dark force carrier were considered much more recently by the authors of Ref. [36] , who noted that high energy e + e − final states were a natural consequence of this channel. Such signals were subsequently studied in Ref. [37] . Such models were studied in general in Ref. [38] , which examined both heavy WIMPs as well as the possibility of ∼MeV mass WIMPs to explain the 511 keV line observed by INTEGRAL.
Within the context of light WIMPs, Refs. [39] [40] [41] pointed out that a ∼ GeV mass U (1) gauge boson which kinetically mixes with electromagnetism could lead to a large elastic scattering cross section between dark matter and nuclei. And while the leptonic phenomenology (i.e., PAMELA) has been well explored for dark forces in the case of heavy WIMPs, the indirect signals for the slightly heavier φ (with associated hadronic cascades) have not been as thoroughly studied. Moreover, within the context of light WIMPs, and specifically with connections to observations of the Galactic Center, the associated gamma-ray phenomenology has not previously been explored.
This simple model we consider in this article consists of a stable Dirac fermion, X, which will serve as our dark matter candidate, and a new U (1) X gauge group, broken to provide a massive vector boson, φ. If the mass of the gauge boson is much lighter than the mass of the dark matter candidate, m φ m X , then dark matter annihilations will proceed dominantly through the t-channel exchange of an X to a pair of φ particles with a cross section given by [37] :
where α X ≡ g 2 X /4π and g X is the gauge coupling of the dark force. Note that for dark matter particles with a mass in the range motivated by the aforementioned indirect and direct signals (m X ∼ 10 GeV), the measured cosmological density of dark matter will be produced thermally in the early universe for a gauge coupling of g X ≈ 0.06, regardless of the mass of the light force carrier, m φ . With this in mind, we will fix the gauge coupling to this value throughout the remainder of this paper.
The leading interaction between the Standard Model and the dark sector is kinetic mixing between the pho-ton and the φ,
This has the effect of inducing effective couplings between the φ and the particle content of the Standard Model, proportional to their electric charge. There is no robust prediction for the size of this coupling -in the effective theory, any value of is technically natural (see the discussion in e.g., Ref. [43] ). If the Standard Model is embedded in a Grand Unified Theory (GUT), however, this coupling can only be generated after GUT breaking at the loop level. Such a loop of heavy states carrying both hypercharge and X gauge charge naturally leads to kinetic mixing at the following order [35, 41, 42] :
where (M /M ) is the ratio of the masses in the loop. Thus we expect the kinetic mixing to occur at the level of ∼ 10 −4 or less, modulo the possibility of a large hierarchy between M and M . Furthermore, if the splitting between the different components of the GUT multiplet is generated at loop order, then becomes further suppressed by two loops. A similar set of arguments can be applied if the dark U (1) is embedded into its own nonAbelian group, at which point 3-and 4-loop suppression becomes natural. Consequently, very small values for could be possible. We can place a lower limit on , however, by requring that it be large enough to thermalize the system through the process f γ ↔ f φ. This requires that
−7 the system should be thermalized before the temperature of WIMP decoupling.
After a dark matter annihilation produces a pair of φ particles, those particles will decay via this small kinetic mixing into Standard Model states. The dominant decay channels of the φ depend on its mass. For 2m e < m φ < 2m µ , φ decays proceed almost entirely to e + e − , whereas for 2m µ < m φ < ∼ a few hundred MeV, φ decays produce a combination of e + e − and µ + µ − . For φ's with masses between a few hundred MeV and a few GeV, decays proceed to a combination of charged leptons and mesons. Above a few GeV, m φ λ QCD , and the φ decays directly to quark-antiquark pairs (along with charged lepton pairs).
The shape of the gamma-ray spectrum produced in dark matter annihilations therefore depends on the mass of the φ. In the top frame of Fig. 1 , we show the gammaray spectrum per dark matter annihilation for several values of m φ . For values below ∼1 GeV, the gamma-ray spectrum is dominated by final state radiation associated with the process XX → φφ, φ → e + e − , boosted as described in Ref. [31] . For heavier masses (m φ ∼1-3 GeV), decay channels such as
2 Mixing between the φ and the Standard Model Z is also possible, but is expected to be suppressed by ∼ m 2 φ /m 2 Z relative to that with the photon.
FIG. 1: Upper:
The gamma-ray spectrum from dark matter annihilations to two dark gauge bosons, for various choices of the dark gauge boson's mass. Lower: Leading contributions to the gamma-ray spectrum for the case of m φ = 1.2 GeV. For m φ < ∼ 700 MeV, the gamma-ray spectrum is dominated by final state radiation from φ decays to e + e − . For heavier values of m φ , decays to mesons provide the most significant contributions.
π + π − π 0 , and K 0 K 0 each contribute significantly to the resulting gamma-ray spectrum. 3 The leading contributions to the gamma-ray spectrum are shown in the bottom frame of Fig. 1 for the case of m φ = 1.2 GeV (with branching fractions of the φ as given in Ref. [45] ). In the m φ =1 GeV case, decays to
and final state radiation associated with decays to e + e − each contribute significantly to the gamma-ray spectrum, with branching fractions of approximately 20%, 2%, 1.5% and 33%, respectively. In Fig. 2 , we compare the spectrum of gamma-rays predicted in this model to the spectrum from the Galactic 3 The branching fractions of a particle decaying through kinetic mixing with the photon can be determined using the measurements compiled at http://durpdg.dur.ac.uk/hepdata/online/rsig/index.html. The photon spectrum has been calculated based the effective Lagrangian approach and chiral perturbation theory [44] .
FIG. 2:
The spectrum of gamma-rays from the Galactic Center observed by the Fermi Gamma-Ray Space Telescope (error bars) [2] compared to that predicted from dark matter annihilations in the model presented here (dot-dashed), along with the measured emission from the central point source (dashed) and emission from the Galactic Ridge as extrapolated from higher energy HESS data (dots). In the upper and lower frames, we have considered dark gauge bosons with masses of 1 GeV and 100 MeV, respectively. In each case, we have fixed the gauge coupling to provide a total annihilation cross section of σv = 3 × 10 −26 cm 3 /s, as required to produce the measured abundance of dark matter in the early universe. We have adopted a halo profile consistent with the observed morphology of the extended gamma-ray emission, ρ(r) ∝ r −1.3 , normalized such that the dark matter density in the local neighborhood is 0.17 GeV/cm 3 and 0.35 GeV/cm 3 in the upper and lower frames, respectively.
Center, as observed using the Fermi Gamma-Ray Space Telescope [2] , for two choices of m φ . We have normalized the gamma-ray flux using a gauge coupling which yields an annihilation cross section of 3 × 10 −26 cm 3 /s and have adopted a dark matter distribution consistent with the observed morphology of the gamma-ray signal (ρ ∝ r −1.3 , normalized such that the dark matter density in the local neighborhood is 0.17 GeV/cm 3 and 0.35 GeV/cm 3 in the upper and lower frames, respectively). Along with the contribution from dark matter annihilations (dot-dashed), we include the measured spectrum of the central point source (dashes) [3, 46] and the emission extrapolated from higher energy observations of the Galactic Ridge (dotted) [47] . For each of these cases (m φ =100 MeV or 1 GeV), we find that dark matter annihilations can not only accommodate the spectral shape of the observed signal, and also automatically provide the approximate annihilation rate required to normalize the overall flux (once the dark matter distribution is fixed to the observed morphology of the gamma-ray signal).
The peculiar spectrum of synchrotron emission observed from the Milky Way's non-thermal radio filaments [8] can also be easily accounted for in this class of dark matter models. In particular, the significant branching fraction for φ → e + e − in this model leads to a spectrum of electrons and positrons that is sufficiently hard and which cuts off above m X sufficiently abruptly to account for the filaments' observed spectral characteristics. We also note that when compared to the case of dark matter particles which annihilate directly to charged leptons (democratically to each flavor), as considered in Ref. [8] , the class of models being considered here deposits a larger fraction of the total annihilation power into electrons and positrons. Quantitatively, for a value of m φ = 1 GeV (100 MeV), the total power injected into electrons and thus into synchrotron emission is larger than in the democratic lepton benchmark model by a factor of 1.7 (2.8). This provides a somewhat better match to the required normalization of the observed filaments (see the discussion of filament widths in Sec. 4 of Ref. [8] ). Similarly, this increased power into electrons makes it possible to account for the WMAP Haze with a somewhat lower magnetic field strength in the inner kiloparsecs of the Milky Galaxy (∼10-15 µG at ∼1 kpc from the Galactic Center instead of ∼20µG that is otherwise required [1, 9] ).
III. ELASTIC SCATTERING
The kinetic mixing between the φ and the photon leads to spin-independent elastic scattering between the dark matter and protons, with a cross section that is given by:
As this cross section is generated through the photon's coupling to electric charge, the corresponding cross section with neutrons is negligible. With kinetic mixing of ∼ 7 × 10 −5 (7 × 10 −7 ), a 1 GeV (100 MeV) gauge boson will generate an elastic scattering cross section compatible with that required by the signals observed by DAMA/LIBRA, CoGeNT, and CRESST-II. 4 When this is compared to the values of that are expected according to Eq. 2, we find that the anomalous signals reported by these three direct detection experiments are in good agreement with the scattering rates anticipated in the model under consideration, in particular for the case of m φ ∼ 1 GeV.
IV. CONSTRAINTS
Compared to other light dark matter candidates, dark matter in this class of models is relatively unconstrained. The most significant constraints on this scenario are related to the dark photon, φ, rather than the dark matter itself. A broad range of searches for dark photons is described in Ref. [48] (see also Ref. [49] ). In Fig. 3 we have summarized the current status of laboratory constraints on such particles, as well as those derived from supernovae. Also shown is the approximate range of parameters required to account for the elastic scattering cross section implied by DAMA/LIBRA, CoGeNT, and CRESST-II (see Sec. III).
From this figure, we see that the parameter space favored by these direct detection anomalies is unconstrained for masses above m φ ∼ 100 MeV. We also note that the values of favored by the one-loop calculation of Eq. 2 ( ∼ 10 −4 ) fall safely within this allowed region. If the degree of kinetic mixing between the φ and the photon is further suppressed, another seemingly viable window appears at m φ ∼ 1 − 10 MeV. Constraints from the ellipticity of dark matter halos, however, require that m φ > ∼ 30 MeV for the case being considered here [50] . Furthermore, as stated in Sec. II, values of less than ∼ 10 −7 are insufficient to thermalize the dark matter prior to decoupling in the early universe.
5 For these reasons, we focus on the m φ > ∼ 100 MeV region of parameter space. Also note that although Sommerfeld enhancements would be expected to boost the annihilation rate in the Galactic halo at the level of roughly a factor of two in the m φ ∼ 1 − 10 MeV case, such effects are negligible for larger values of m φ [30] . . For a summary of these constraints and prospects for future laboratory searches, see Ref. [48] .
As interactions between the dark matter and the Standard Model are mediated by the light φ in this scenario, collider searches for mono-photons [52] or monojets [53, 54] plus missing energy are essentially doomed to failure. And although limits on GeV-scale neutrinos from dark matter annihilations in the Sun can significantly constrain other light WIMP models [55] , annihilations in this model produce neutrinos only through mesons which are stopped in the solar medium before they decay. Similarly, due to the light mass of the φ, no antiproton cosmic rays are expected to be produced [36, 37] . Gamma-ray constraints, such as those derived from observations of dwarf spheroidal galaxies [56] , still apply but are currently a factor of a few too weak to constrain this scenario [1] . Similarly, constraints from the cosmic microwave background [57] apply to this scenario, but again are not currently sensitive to this class of models (although Planck may be).
There is some hope for discovery in future laboratory experiments, however. When dark force models are embedded into supersymmetric theories, there is a natural expectation of "lepton jets" [43] at the Large Hadron Collider at the ends of sparticle cascades. Low energy searches such as APEX [58] and MAMI [59] have already begun to probe interesting regions of parameter space, while future experiments such as Darklight [60] and HPS [61] are expected to probe broad ranges of open parameter space.
V. HEAVY DARK MATTER AND PHOTON SIGNALS
While we have focused up to this point on the signals of light WIMPs, it is also worth considering the conse-
The spectrum of gamma-rays from dark matter annihilations to a pair of 1.2 GeV dark force carriers compared to the spectrum from dark matter annihilations to τ + τ − , for four choices of the dark matter mass (top), and compared to the spectrum from dark matter annihilations to bb or τ + τ − for mX = 240 GeV (bottom). The gamma-ray spectrum from φ decays is dominated by decays of mesons (especially decays to π + π − π 0 π 0 and ωπ 0 ) and is similar to that resulting from τ ± decays.
quences for heavier WIMPs interacting through a dark force. The leptonic signals (e.g., PAMELA) have been widely discussed previously, but the case with m φ > ∼ 1 GeV (for which φ's decay a significant fraction of the time to hadronic final states) has been less explored (see, however, Ref. [45] ). We show in the top frame of Fig. 4 the gamma-ray spectrum from WIMPs of various masses, annihilating to φ's with a mass of 1.2 GeV. We directly compare this to the spectrum from dark matter of the same mass annihilating into τ + τ − . We see that very similar spectra result from these two cases, although the gamma-ray flux in the dark forces case is suppressed by about 25% relative to that predicted from annihilations to τ + τ − . This similarity is not surprising when one considers that the gamma-ray spectrum from φ decays is dominated by decays to mesons, such as φ → π + π − π 0 π 0 and φ → ωπ 0 , whereas the gamma-ray spectrum from tau decays is dominated by the channels τ
In both of these cases, the highly boosted π 0 's lead to a very hard gamma-ray spectrum, especially when compared to that resulting from dark matter annihilations to quarks or gauge bosons (as can be seen in the bottom frame of Fig. 4 .
VI. SUMMARY AND CONCLUSIONS
Models in which the dark matter interacts through dark forces (i.e., forces without tree level couplings to the Standard Model) possess a number of interesting and distinctive phenomenological characteristics. Whereas previous studies of such models have focused on heavy WIMPs, in this article we have discussed the implications for direct and indirect detection of light WIMPs (m X ∼10 GeV) which interact through a light dark force carrier (m φ ∼100 MeV-3 GeV).
Dark matter particles in this scenario annihilate to pairs of dark gauge bosons, φ, which then decay through kinetic mixing with the photon to combinations of Standard Model leptons and mesons. The gamma-ray spectrum that results from such annihilations depends on the mass of the φ. For m φ < ∼ 700 MeV, final state radiation from charged leptons dominates, whereas decays of mesons dominate the gamma-ray spectrum in the case of m φ ∼ 1 − 2 GeV (resulting in a spectrum similar to that found from dark matter candidates which annihilate to pairs of tau leptons). In either case, this gamma-ray spectrum provides a good fit to that observed from the Galactic Center. Furthermore, the φ decays to e + e − lead to synchrotron signals consistent with that observed from the Milky Way's radio filaments and diffusely throughout the Inner Galaxy (the "WMAP Haze"). The normalization of each of these signals can be accommodated by a dark gauge coupling of g X ≈ 0.06, which also leads to a thermal relic abundance consistent with the measured cosmological abundance of dark matter.
Dark matter in this class of models is predicted to scatter elastically with protons, with a cross section that is determined by the mass of the dark force carrier and the degree of kinetic mixing between the force carrier and the photon, . For m φ ∼ 100 MeV-3 GeV, values of ∼ 10 −3 − 10 −6 can lead to an elastic scattering rate capable of accounting for the signals reported by the DAMA/LIBRA, CoGeNT and CRESST-II collaborations. This range for is consistent with that naively expected from loop-suppressed processes. Lower values for m φ and are not viable due to constraints from a combination of labortory experiments, supernovae, and the ellipticity of dark matter halos.
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